One innovative strategy among product manufacturers is to compete through the delivery of services to their clients. The range of advanced services provided by these manufacturers are underpinned by a system known as product-service systems (PSS). Based on a literature review, a description of a PSS with its dynamic behaviour is provided. Three PSS modelling and simulation methods (system dynamics, discrete event simulation and agent based simulation) and the nature of their application in the context of PSS are identified and discussed. Results indicate DES as the mostly used simulation approach accounting for over 50% papers reviewed due to its ability to model the dynamic behaviour of PSS over time. Previous and current research have focused on the design and in-service phase of PSS lifecycle phase. The choice of specific simulation method is dependent on the objectives intended, which include optimization of design configuration during the design and development phase and performance evaluation and optimization of resource utilization during the in-service phase of a PSS lifecycle. An area for further research is the application of simulation as a tool for cost analysis and cost estimation.
INTRODUCTION
The decline in the manufacturing sector in developed economies have led to the rise in service-based economies, characterized by the emergence of new business models, which combine product and services as part of an integrated offering known as product-service system (PSS) (Tukker & Tischner, 2006) . According to Goedkoop, et al (1999) , a PSS is a marketable set of products and services capable of jointly fulfilling a user's needs. A PSS extends the functionality of a product by incorporating additional services (Mont 2002; Oliva & Kallenberg 2003; Neely 2008) with the purpose of offering value in use (Baines et al., 2011) . This paradigm shift provides Original Equipment Manufacturers (OEM) with the opportunity to access and grow new revenue streams, decrease the volatility of cash flows throughout the life of a product, facilitate the sale of goods, foster closer and longer relationships with their clients and attain competitive advantage while delivering value to customers (Gebauer et al. 2008 ).
Product-service systems exhibit dynamic behaviour since they underlie the delivery of services. Services, due to characteristics such as inseparability and variability, consist of many stochastic elements, which are largely driven by human behaviour and demands (Phumbua & Tjahjono, 2010 , 2012 . Furthermore, the need for an effective collaboration and interaction between the OEM, clients and a network of stakeholders and actors along the value chain for the delivery of agreed outcomes highlights some of the complexity of transitioning to service based models. This presents a challenge to managers in specifying consistent and efficient industrial configurations for their business processes (Chalal et al, 2015) .
Furthermore, most PSS exist in the form of long-term contracts spanning the lifecycle of the asset/product (Baines et al., 2011) . The manufacturer (who is now the service provider) assumes responsibility for the costs and risks associated with the long-term performance of the product (Oliva & Kallenberg, 2003) . PSS contracts are characterised by uncertainties which are caused by the stochastic nature of the service life of the hardware component of a PSS, hardware usage, utilization and operations over the duration of the contract (Datta and Roy, 2010) . Unexpected increases in demand and loss of capacity are other factors that increase the level of uncertainty in PSS contracts (Lagemann and Meier, 2014) . As a consequenc, firms which offer advanced services delivered via a PSS experience a lack of decision support in determining robust capacity planning strategies in highly dynamic and uncertain environments (Lagemann and Meier, 2014) . With a long-term payback period and uncertainty of future demand (Erkoyuncu et al, 2009 ) the impact on several enterprise performance parameters, performance drivers and factors influencing the economic costs of delivering agreed outcome via a PSS can be significant. For a complex system like a PSS simulation can be employed as a tool to provide insight into its dynamic behaviour. Simulation has been widely used in manufacturing and service operations across a range of industries and sectors to conduct a priori assessment, evaluate performance, optimize design configuration and assess economic performance of product and services processes. This paper reviews the literature on the application of simulation to the analysis of product-service systems. It identifies in the literature study where a specific simulation technique is used, the context of use, the purpose of use and the result achieved. Further work will then be proposed.
LITERATURE REVIEW
The literature review covers the application of three simulation techniques (discrete event simulation, system dynamics and agent based simulation) in any area of product-service systems. The review also highlights the aim and objectives that were realised from using these techniques. The main databases that were used to identify papers include Scopus, Web of Science, Science Direct, ProQuest, Google Scholar and papers from proceedings of the annual CIRP conference on Industrial Product Service Systems. The date of publication was set between 2000 and 2016. The earlier date was chosen as most product-service systems at the start of the millennium were product-oriented services such as after-sales service contracts and support contracts where manufacturers provide services that supported the use of products. The following key words and research strings were used in the search: availability-based contracts and simulation, product-service systems and simulation, servitization and simulation, uncertainty modelling and simulation in services, product-service system design and simulation. To select the most relevant papers, a rejection criteria was set. Exclusion criteria include papers that focused on PSS but not simulation and papers that cited simulation techniques but whose aim was not to evaluate the application of simulation techniques. Papers that discussed simulation techniques within the context of manufacturing but not PSS were also excluded. Other papers excluded includes research papers where optimization techniques (nonsimulation) and static/deterministic analytical techniques (differential algebra and Monte Carlo simulation) were used to analyse product-service system. However, papers where any of the three simulation approaches were used alongside other non-simulation techniques were included.
RESULTS AND DISCUSSION
A total of 99,371 articles were found at first. Upon the application of the rejection criteria, the number of articles was reduced to 236 (table 1). The review found that simulation techniques are used in several areas of PSS research including performance evaluation, optimization, sensitivity analysis, forecasting and cost estimation, evaluation of sustainability, uncertainty modelling across design and development and the inservice and assets disposal phases of the PSS lifecycle. In the design and development of PSS simulation is used to evaluate design configurations (Phumbua, 2012) . In the in-service phase, simulation is used to estimate the costs of delivering the agreed outcomes via a network of service support actors within a system Löfstrand et al,2014) . A significant proportion of the total article count consists of the application of DES (184), followed by systems dynamics (27) and agent based simulation (25). This is unsurprising since DES can deal with the complexity of PSS. DES can be used to address the variability, uncertainty and risk over the in-service phase of a PSS contract (Kyösti & Reed, 2015; Weidmann et al, 2015) . However, the use of agent based simulation is growing in PSS research since it provides a window to assess how interaction of individual agents gives rise to emergent system behaviour (Wrasse et al 2015) . Over 50% of the papers reviewed focused on the design and development phase of the PSS and a further 30% on the in-service phase while less than 20 papers focused on simulation as a tool for cost analysis and cost estimation. Datta and Roy (2010) argue that the use of simulation techniques employed in PSS research are data intensive and very much rely on historical data availability, which in part constitute a challenge when the PSS design is novel. 
CONCLUSION AND FURTHER WORK
The results obtained in this literature review indicate the range of areas the three simulation techniques have been used in modelling PSS. All three simulation types have been used across the lifecycle phases of a PSS ranging from design and development phases to in-service and disposal phases to evaluate design configurations, optimize resources utilization and predict the cost of support system services required to support the use of the asset or delivery of the performance outcomes. Articles covering the PSS design phase account for over 50% of the papers reviewed which aligns with the common practice of service providers and PSS designers to assess the viability of a PSS at this stage. However, fewer than 20 papers focused on the use of simulation as a tool for cost estimation and cost analysis. This raises an area for further study and there is ongoing research into assessing discrete event simulation as a tool for cost estimation and cost analysis of PSS contracts. DES has been identified as the most used simulation technique due to its ability to model dynamic behaviour and uncertainties at the operational level of a PSS provider over time. Since service is described as deeds and processes (Zeithaml and Bitner, 2000) delivering a service via a PSS requires activities, which require the utilization of resources over time, to be performed by the service provider (Datta and Roy, 2010) . This makes DES a commonly used simulation tool for PSS evaluation across all life phases due to the ability of DES to model different scenarios, provide insight on how state variables within the PSS change with variation in activities and input parameters as well as evaluate performance over time.
